Heat shock transcription factor A2 (HsfA2) participates in multiple stress responses. To provide new insights into the role of HsfA2 in the heat stress (HS) response, in vivo production and localization of reactive oxygen species (ROS) and mitochondrial dynamics were investigated during the onset of cell death induced by an HS (40°C, 10 min) applied after a 2 d recovery at 24°C following a conditioning treatment at 37°C for 1 h. In response to the HS, generated ROS were significantly higher in hsfA2 than in wild-type (WT) protoplasts and did not return to the baseline level when compared with WT protoplasts. The uncontrolled ROS in hsfA2 protoplasts localized not only to mitochondria but also to chloroplasts. Microscopic observations also revealed that, prior to cell death, hsfA2 protoplasts underwent more severe alterations in mitochondrial dynamics than WT protoplasts, including mitochondrial swelling, transmembrane potential loss, and the cessation of mitochondrial movement. The lower cell viability in hsfA2 than in WT protoplasts suggested that-combined with the findings that antioxidants only partially blocked ROS generation and arrested cell death in hsfA2 protoplasts relative to WT protoplasts-ROS participated in HS-induced cell death. Also the disruption of HsfA2 resulted in more severe oxidative stress and more cell death which, together with the more severe alterations in mitochondrial dynamics, could be complemented by introducing a WT copy of HsfA2. These results represent the first subcellular evidence that HsfA2 protects plants against HS-induced oxidative damage, organelle dysfunction, and subsequent cell death.
Introduction
Heat shock transcription factors (Hsfs) are the central regulators of the heat stress (HS) response in all eukaryotic organisms (Baniwal et al., 2004; Charng et al., 2007; Ogawa et al., 2007) . The exact number of Hsf genes, however, differs greatly among various eukaryotic organisms. For example, the mammalian genome contains three Hsf isoforms, Hsf1, Hsf2, and Hsf4, each with a distinct biological function (Xing et al., 2005; Charng et al., 2007) . In contrast to the low numbers of Hsf genes found in animals, the model plant Arabidopsis thaliana contains 21 Hsf homologues that can be sorted into three classes (classes A, B, and C; Nover et al., 2001; Kotak et al., 2004) . Among all 21 Arabidopsis Hsfs, HsfA2 is one of the Arabidopsis class A Hsf genes and an HS-inducible gene itself, which among eukaryotic systems is a feature unique to plants, and the induction of HsfA2 expression in response to HS treatment is highest (Nover et al., 2001; Busch et al., 2005; Ogawa et al., 2007) .
As a key regulator in the induction of the defence and stress responses, HsfA2 is required for sustaining the expression of heat shock protein genes and extending the duration of acquired thermotolerance to protect plants against high temperature stress (Nishizawa et al., 2006; Schramm et al., 2006; Charng et al., 2007) . By characterizing the Arabidopsis T-DNA knockout line, Li et al. (2005) found that disruption of HsfA2 caused a reduction in expression of some HS protein genes upon HS treatment and that the knockout mutant displayed reduced basal and acquired thermotolerance as well as oxidative stress tolerance, while overexpression of HsfA2 enhances tolerance under these stress conditions. More intriguingly, high-level overexpression of the Arabidopsis HsfA2 gene confers not only increased themotolerance but also salt/osmotic stress tolerance (Ogawa et al., 2007) . In addition to its role in stress tolerance, an important role for HsfA2 in cell proliferation has also been reported (Ogawa et al., 2007) . These observations prompted the suggestion that HsfA2 might be a versatile regulator in a variety of physiological events and in multiple stress responses.
In plant cells, adverse environmental stresses, such as high temperature and ultraviolet-C (UVC) overexposure, can raise reactive oxygen species (ROS) levels due to perturbations of cellular metabolism as well as cellular redox equilibrium, leading to oxidative damage and subsequent cell death (Apel and Hirt, 2004; Vacca et al., 2004 Vacca et al., , 2006 Gao et al., 2008) . Larkindale and Knight (2002) subjected Arabidopsis seedlings to 40°C for 1 h and observed that the seedlings became progressively bleached and ultimately died over a period of days after the heat treatment. It has been proposed that bleaching and death caused by heating might be due to oxidative stress occurring during the recovery phase (Larkindale and Knight, 2002) . As the major site of ROS production, the mitochondria are intimately linked with cell death and actively participate in the regulation of programmed cell death (PCD) . Accumulated evidence has demonstrated that production of ROS, especially hydrogen peroxide (H 2 O 2 ), and mitochonridal dysfunction are important early indicators and necessary components of cell death under various stimuli (Vacca et al., 2004 (Vacca et al., , 2006 Gao et al., 2008; Zhang and Xing, 2008) . For example, in tobacco Bright Yellow-2 (BY-2) (Nicotiana tabacum L.) suspension cultures, HS treatment induces a sharp increase in intracellular ROS, and causes the impairment of mitochondrial metabolism and subsequently the release of cytochrome c and the activation of caspase-like protease, which ultimately lead to PCD (Vacca et al., 2004 (Vacca et al., , 2006 .
Redox-sensitive Hsfs have been suggested to be important sensor molecules for H 2 O 2 in plants (Desikan et al., 2004; Mittler et al., 2004; Miller and Mittler, 2006) . In fact, considerable evidence supporting a possible role for plant Hsfs as direct sensors of ROS can be found in studies of mammalian, Drosophila, and yeast Hsfs (Miller and Mittler, 2006) . For example, in Drosophila melanogaster and mammalian cells, the oligomerization and DNA binding of Hsfs could be induced in vivo and in vitro by high temperature and H 2 O 2 , suggesting that Hsfs act as direct sensors of high temperature and H 2 O 2 in cells (Zhong et al., 1998; Ahn and Thiele, 2003) . In plants, using a dominant-negative approach, Davletova et al. (2005) have presented the first genetic evidence that plant Hsfs are important sensors for H 2 O 2 . Moreover, with the assistance of microarray techniques, several Hsfs have been proposed as the prominent candidates to function as the redox-sensitive H 2 O 2 sensors (Davletova et al. 2005; Miller and Mittler, 2006) . Therefore, it is suggested that Hsfs might have important roles in linking HS responses with the ROS signalling network, and Hsfs might be the epicentre of cell death caused by oxidative stress.
While much is known about the participation of HsfA2 in the oxidative stress response under adverse conditions, there has been no subcellular evidence for the roles of HsfA2 in alleviating oxidative damage and in inhibiting cell death caused by HS challenge. In this study, the aim is to unravel whether and how the absence of HsfA2 affects cellular redox balance and mitochondrial dynamics during the early phase of the process of cell death caused by HS treatment. Using microscopic observations, the differences in the levels and localization of ROS and the behaviour of organelles, in particular mitochondria, between wild type (WT) and hsfA2 protoplasts under HS challenge have been investigated in vivo. Results presented here demonstrated that hsfA2 protoplasts showed higher level of ROS, more severe mitochondrial dysfunction, and lower cell viability than WT protoplasts after HS challenge, and that these defects in thermotolerance could be rescued by the introduction of the genomic DNA of Arabidopsis WT (Col-0) HsfA2, providing new subcellular evidence for the function of HsfA2 in the alleviation of oxidative damage and inhibition of cell death caused by HS challenge in Arabidopsis.
Materials and methods

Materials
Seeds of the Arabidopsis Col-0 hsfA2 (At2g26150) T-DNA insertion homozygous line SALK_008978 and the transgenic line (C112-2, at the T 2 generation) harbouring transgenic AtHsfA2 in the background of hsfA2-1 (Charng et al., 2007) were provided by Dr Yee-yung Charng. The homozygous line contains both disrupted HsfA2 alleles with T-DNA inserted within the second exon near the 5# end (Charng et al., 2007) . The mutant in previous reports was defined as hsfA2-1, which was a null mutant of HsfA2 (Charng et al., 2007) . Reverse transcription-PCR (RT-PCR) analysis showed that transcripts of HsfA2 were induced by conditioning treatment (37°C, 1 h) in the WT and the transgenic line C112-2, but not in the hsfA2 plants (Schramm et al., 2006; Charng et al., 2007) . Seeds of transgenic Arabidopsis, possessing mitochondria-localized green fluorescent protein (GFP, 43C5), were provided by Dr David C Logan (Logan and Leaver, 2000) . Arabidopsis plants were grown in soil culture in a plant growth chamber (Conviron, model E7/2, Canada) with a 16 h light photoperiod (120 lmol photons m À2 s
À1
) and 82% relative humidity at 22°C. 2#,7#-Dichlorodihydrofluorescein diacetate (H 2 DCFDA), rhodamine 123 (Rh123), and MitoTracker Red CMXRos were obtained from Molecular Probes (Eugene, OR, USA). Catalase (CAT, bovine liver), cyclosporin A (CsA), fluorescein diacetate (FDA), and ascorbic acid (AsA) were purchased from Sigma-Aldrich China (Shanghai, China).
HS challenge and isolation of Arabidopsis protoplasts
Fourteen-day-old Arabidopsis seedlings were first conditioned at 37°C for 1 h, which has been demonstrated to be able to induce the expression of HsfA2 (Schramm et al., 2006; Charng et al., 2007; Ogawa et al., 2007) , allowed to recover for various times at 24°C, and then digested in enzyme solution for ;2 h to isolate protoplasts, according to a modified procedure as described previously (Gao et al., 2008) . The newly prepared protoplasts were challenged by a severe HS (40°C, 10 min) and allowed to recover at 24°C for different times. Unless stated otherwise, all the control cells are the hsfA2 cells because there is no difference in the ROS level and organelle behaviour between WT and hsfA2 cells under untreated conditions, and all operations were performed in the dark to minimize possible oxidative stress caused by light.
Laser confocal scanning microscopy (LCSM) and in vivo imaging of organelles All microscopic observations were performed using a Zeiss LSM 510 laser confocal scanning microscope (LSM510/ ConfoCor2, Carl-Zeiss, Jena, Germany). GFP, H 2 DCFDA, Rh123, and FDA signals were visualized with excitation at 488 nm and emission at 500-550 nm using a bandpass filter, and chloroplast autofluorescence (excitation at 488 nm) was visualized at 650 nm with a long pass filter. MitoTracker Red CMXRos signals were visualized in another detection channel using a 543 nm excitation light and a 565-615 nm bandpass filter. For three-dimensional (3D) reconstructions, optical sections of cell were taken, and Z-series were performed with 0.5 lm steps. All images were taken with the 320 water and the 3100 oil-immersion objectives on the Zeiss LSM 510 and analysed with Zeiss Rel3.2 image processing software (Zeiss, Germany).
Detection of ROS production and distribution
After the severe HS challenge, the Arabidopsis protoplasts were incubated with H 2 DCFDA at a final concentration of 5 lM, or were double-stained with H 2 DCFDA and MitoTracker Red CMXRos (100 nM) for 10 min in the dark, as described previously (Yao and Greenberg, 2006; Gao et al., 2008) . The ROS production and distribution, as well as the chloroplast autofluorescence and the MitoTracker fluorescence, were visualized under the Zeiss LSM 510. The fluorescence intensity of DCF was also measured with a fluorescence spectrometer (PerkinElmer, LS55, UK) at 24°C (excitation 488 nm, emission 500-600 nm, slit width 5 nm). The fluorescence intensity at 525 nm was used to determine the relative ROS production.
Determination of mitochondrial transmembrane potential (MTP)
The MTP was measured according to the method described by Gao et al. (2008) . After the HS challenge the protoplasts were incubated with Rh123, a specific MTP-dependent fluorescent dye (Kroemer et al., 1998) , at a final concentration of 2 lg ml À1 , or were double-stained with Rh123 and the mitochondria-specific marker MitoTracker Red CMXRos (100 nM) for 10 min at 24°C in the dark. Cells were then harvested, washed, and resuspended homogeneously in the suspension solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 1.5 mM MES-KOH, pH 5.6). The intensity of Rh123 fluorescence was measured by a fluorescence spectrometer (excitation 485 nm, emission 505-625 nm). The fluorescence intensity at 526 nm was used to determine the relative Rh123 retained in the mitochondria of the protoplasts. The uptake of Rh123 and MitoTracker into cells and into mitochondria was observed by LCSM.
Isolation of mitochondria and determination of mitochondrial swelling
Mitochondria were isolated from protoplasts after the HS challenge by differential centrifugation at 4°C in the dark as described previously (Stein and Hansen, 1999; Yao and Greenberg, 2006; Zhang and Xing, 2008) . The mitochondrial swelling was determined using an ultraviolet-visible spectrometer (Lambda 35, Perkin-Elmer, UK) according to the protocol of Zhang and Xing (2008) . This method equates mitochondrial membrane permeability transition with highamplitude swelling of the mitochondria. Mitochondrial swelling results in a decrease in absorbance monitored at 540 nm (Ryan et al., 1993; Rotem et al., 2005) .
Photochemical efficiency measurement
Photochemical efficiency of protoplasts was quantified by measuring chlorophyll delayed fluorescence (DF), which has been demonstrated to be a sensitive indicator of energy utilization efficiencies and many stress factors (Č ajánek et al., 1998; Kurzbaum et al., 2007; Zhang and Xing, 2008) . DF of Arabidopsis protoplasts was recorded using the fluorescence spectrometer in phosphorfluorescence mode according to the procedure as described (Č ajánek et al., 1998) . A 300 ll aliquot of protoplasts was irradiated with a xenon lamp (488 nm excitation wavelength, 10 nm spectral width of excitation monochromator, 10 ms gate time, 260 ms delayed time), and DF emission was detected at an emission from 600 nm to 800 nm with a 5 nm spectral width of an emission monochromator. The DF intensity was calculated with a peak value at 685 nm.
Viability assay
After the indicated treatment and time point, the protoplasts were incubated with 50 lM FDA for 5 min at 24°C in the dark to determine cell viability. The fluorescence of FDA was observed by LCSM. Approximately 200 cells were measured for each treatment and time point, and all experiments were repeated at least five times.
Results
Cell viability declines more rapidly in hsfA2 than in WT protoplasts
Given that experiments concerning the role of HsfA2 in themotolerance and the effects of HS on cell viability were performed on seedlings or suspension-cultured cells (Vacca et al., 2004; Li et al., 2005; Charng et al., 2007) , the effects of HS on the viability of WT and hsfA2 protoplasts were thus first investigated at the population level (Fig. 1) . Fouteen-day-old Arabidopsis seedlings were first conditioned at 37°C for 1 h to trigger the expression of HsfA2, allowed to recover for various times at 24°C, and then digested in enzyme solution to isolate protoplasts. The newly prepared protoplasts were challenged by a severe HS, and then allowed to recover at 24°C for 4 h. FDA staining revealed that, for the WT, the conditioning treatment (CT, 37°C, 1 h) prevented the protoplasts from being killed by the severe HS challenge (Fig. 1A-D, F) . The hsfA2 protoplasts showed similar cell survival to the WT protoplasts if the severe HS challenge was applied following a 2 h Fig. 1 . The hsfA2 protoplasts were more susceptible than the WT protoplasts to a severe HS challenge after a long but not a short recovery following a CT (37°C, 1 h). (A-E) After treatment by different HS regimes schematically shown on the left of each section, the protoplasts of the WT and hsfA2 mutant were incubated in 50 lM FDA for 5 min at 24°C and then observed by LCSM as described in Materials and methods. The start and the end of the isolation of protoplast are indicated by an upward-facing arrowhead and a downward-facing arrowhead, respectively. The viable protoplasts were yellow for both red (chloroplast autofluorescence) and green (FDA); non-viable protoplasts were red for only chloroplast autofluorescence. (F) The viability of protoplasts at 4 h after treatment with different HS regimes or (G) at different time after the severe HS challenge following a 2 d recovery from the CT was calculated. In the figure, each value is the mean 6SE of five replicates. Pictures represent a typical example. Scale bars¼100 lm.
recovery from the CT, whereas the hsfA2 protoplasts became more sensitive to the severe HS challenge than the WT protoplasts if the severe HS challenge was applied following a 2 d recovery from the CT (Fig. 1A-D, F ; henceforth, we used the HS regime to treat WT and hsfA2 protoplasts) and only about half of the hsfA2 protoplasts could be stained by FDA at 4 h after the severe HS challenge (Fig. 1D, F) . If the treatment time at 40°C was increased to 30 min, all the WT and hsfA2 protoplasts would die (data not shown). The decreased thermotolerance after a long recovery in hsfA2 protoplasts, however, was reversible. A second CT 2 h before the severe HS challenge after 48 h of recovery protected the hsfA2 protoplasts against cell death (Fig. 1E, F ). These observations obtained at the protoplast level are consistent with the results of Charng et al. (2007) , who demonstrated that, at seedling level, HsfA2 is required for a longer duration instead of initial induction of acquired thermotolerance.
Protoplast viability was also analysed as a function of recovery time after the severe HS challenge following a 2 d recovery from the CT. The severe HS challenge resulted in a faster reduction in the cell viability of the hsfA2 protoplasts than in that of the WT protoplasts ( Fig. 1G) , and this could be rescued by the complementation of the hsfA2 line with a WT copy of the HsfA2 gene (see Supplementary Fig. S1 available at JXB online). Approximately 50% of the protoplast population in the hsfA2 mutant were dead after the HS challenge for only 4 h, and no living protoplasts could be found after 16 h HS challenge (Fig. 1G ). In contrast, there was no significant difference in the incidence of cell death in HS-challenged WT protoplasts relative to untreated control samples for the first 3 h post-treatment; cell death just started to take place after 4 h HS challenge, and 50% of WT protoplasts were still alive even after 16 h HS challenge (Fig. 1G ). Within the time period examined, the viability in control cells remained relatively unchanged (Fig. 1G ).
Higher levels of ROS in hsfA2 than in WT protoplasts
Previous reports indicated that ROS play a crucial role in the process of cell death, and their production occurs in the early phase of HS-induced PCD in tobacco BY-2 cultured cells (Dat et al., 2003; Vacca et al., 2004) . Moreover, the H 2 O 2 level has been shown to be higher in hsfA2 than in WT seedlings after HS treatment (Li et al., 2005) ; the level of ROS was therefore examined at the single-cell level to test whether it is causal to the difference in cell viability between hsfA2 and WT protoplasts. Generation of H 2 O 2 , measured by following the fluorescence of the highly fluorescent compound DCF produced from the non-fluorescent compound H 2 DCFDA in the presence of endogenous esterases and H 2 O 2 (Jakubowski and Bartosz, 2000) , occurred in the majority of WT, hsfA2, and transgenic line C112-2 protoplasts at 1 h after the severe HS challenge following a 2 d recovery from the CT, as shown by the bright green fluorescence resulting from staining with H 2 DCFDA, whereas production of ROS in the untreated protoplasts (control) was negligible ( Fig. 2A) . Intriguingly, from Fig. 2A , it can be seen that the DCF fluorescence signal was stronger in hsfA2 than in WT and transgenic line C112-2 protoplasts. Thus, to assess the difference in ROS level between these populations, a fluorescence spectrometer was used to quantify the ROS production. During the whole assessment period, the control protoplasts showed no evident increase in ROS generation (Fig. 2B) . However, the severe HS challenge caused an obvious and rapid increase in DCF fluorescence in hsfA2 protoplasts, which increased and reached a peak at 60 min after the severe HS challenge following a 2 d recovery, and then declined slightly without returning to the baseline level during the whole assessment period (Fig. 2B ). In contrast, the DCF fluorescence in WT and transgenic line C112-2 protoplasts started to decline gradually at 90 min and returned to the baseline level by 240 min, although the dynamics of ROS production in WT Fig. 2 . Higher levels of ROS in hsfA2 than in WT and transgenic line C112-2 protoplasts after HS challenge. After HS challenge, protoplasts kept at 24°C for the indicated time period were subjected to 5 lM H 2 DCFDA for 10 min, and H 2 O 2 production was visualized by LCSM (A) or quantified by a fluorescence spectrometer (B) as described in Materials and methods. H 2 O 2 -producing protoplasts are green for DCF fluorescence. Protoplasts were photographed under both fluorescent and bright field. In the figure, each value is the mean 6SE of five replicates. Pictures represent a typical example. Scale bars¼50 lm.
and transgenic line C112-2 protoplasts were similar to those in hsfA2 protoplasts (Fig. 2B) . Moreover, at each time point, the H 2 O 2 level in hsfA2 protoplasts was significantly higher than that in WT and transgenic line C112-2 protoplasts at P < 0.01 (Fig. 2B ).
Effects of exogenous antioxidants on ROS level and cell viability after HS challenge
As shown above, Arabidopsis protoplasts exhibited a rapid increase in ROS levels after HS challenge (Fig. 2) . To establish further the role of ROS in the cell death of protoplasts caused by HS challenge, the effects of the exogenous antioxidant AsA, a natural antioxidant, and CAT, a H 2 O 2 -specific scavenger, on ROS production and cell viability were examined. AsA or CAT was added to the protoplasts 30 min before the severe HS challenge; then ROS levels and cell viability were measured at the indicated time. Pre-incubating the WT protoplasts with 5 mM AsA or 100 U ml À1 CAT could decrease the DCF fluorescence to the baseline level at 60 min or 90 min after the severe HS challenge following a 2 d recovery from the CT (Figs. 3A, 2B), whereas even in the presence of AsA or CAT, the residual DCF fluorescence was still high in the hsfA2 protoplasts (Fig. 3A) . Cell viability assay using FDA staining demonstrated that the presence of AsA or CAT could prevent, to a different extent, WT and hsfA2 protoplasts from HS-induced cell death (Fig. 3B) . At 6 h after the HS challenge, ;89% and 91% cell survival was found for the WT protoplasts pre-incubated with AsA and CAT, respectively, but only about 53% and 58% cell survival for the hsfA2 protoplasts after the same preincubation with AsA and CAT, respectively (Fig. 3B ). Even after 16 h, the cell survival in the WT protoplasts could still be increased from 50% to 80 and 76%, respectively, by the addition of AsA and CAT, whereas the cell viability of the hsfA2 protoplasts was only 24% and 21%, respectively, compared with control cells even in the presence of AsA and CAT (Fig. 3B) . In experiments not reported here at length, it was confirmed that none of the antioxidant compounds used had any effect on the viability of control cells. These data allowed the conclusion that pre-treatment with AsA or CAT only partially protected hsfA2 protoplasts against cell death induced by HS treatment in comparison with WT protoplasts. Together with the result that ROS production in the WT and hsfA2 protoplasts could be decreased to a different extent, the data suggested that ROS were produced and participated in HS-induced cell death, and the absence of HsfA2 resulted in more severe oxidative stress and more cell death.
Different characteristics of ROS localization in WT and hsfA2 protoplasts
The findings that ROS dramatically accumulated during HSinduced cell death raised the question of how and where the ROS were generated in living protoplasts after HS challenge. In an attempt to identify the source of these DCF fluorescence signals, the intracellular ROS production and localization were monitored by LCSM at the single-cell level in vivo. Through double staining with the mitochondria-specific marker MitoTracker Red CMXRos and the ROS probe H 2 DCFDA, the mitochondrial and ROS signals were simultaneously visualized in protoplasts, and the characteristics of ROS production and localization were comparatively examined in both hsfA2 and WT protoplasts after HS challenge. In the latter, it was found that DCF-stained regions were almost all in mitochondria and to some extent Fig. 3 . Effects of antioxidants on ROS production and cell viability of WT and hsfA2 protoplasts. The WT and hsfA2 protoplasts were pre-incubated without (black columns) or with AsA at 5 mM final concentration (grey columns) or with CAT at 100 U ml À1 final concentration (white columns) for 30 min and then treated with the severe HS challenge. (A) At 60 min and 90 min after the HS treatment, protoplasts were subjected to 5 lM H 2 DCFDA for 10 min, and the concentration of H 2 O 2 was measured by a fluorescence spectrometer as described in Materials and methods. (B) At 6 h and 16 h after the HS treatment, protoplasts were incubated in 50 lM FDA for 5 min and the viability of protoplasts was calculated. In the figure, each value is the mean 6SE of five replicates.
in the cytosol even after 1 h of recovery following the severe HS challenge (Fig. 4B, C) . Nevertheless, the DCF fluorescence signal in the hsfA2 protoplasts was first observed in mitochondria and the cytosol at 30 min after the severe HS challenge (Fig. 4F) , and subsequently large DCF-stained regions were found to be mainly localized in the chloroplasts at 60 min after the severe HS challenge (Fig. 4G ). In addition, after the severe HS challenge, hsfA2 protoplasts displayed a much stronger DCF fluorescence signal than WT protoplasts at the indicated time point of recovery (Fig. 4) , which is consistent with the result obtained at the population level ( Fig. 2A, B) . Moreover, the characteristics of ROS production and localization in transgenic line C112-2 protoplasts were similar to those in WT protoplasts but not to those in hsfA2 protoplasts (see Supplementary Fig. S2 at JXB online). In contrast, only little background DCF signal was detected in untreated protoplasts (Fig. 4A) . The diffuse and/or reduced CMXRos staining indicated an abnormality of mitochondrial distribution (Fig. 4) . Furthermore, the antioxidant molecules could dramatically deplete the DCF signals from chloroplasts in the hsfA2 protoplasts ( Fig. 4G -I), implying that a possible diffusion of excess ROS from mitochondria to chloroplasts after HS treatment in hsfA2 could be arrested by the antioxidants.
Mitochondria undergo morphological changes after the HS challenge
Recent experiments confirm that the impairment of mitochondrial metabolism is an early event in HS-induced PCD in tobacco BY-2, and alterations in morphology of the mitochondria and chloroplasts occur during the early phase of methyl jasmonate (MeJa)-induced cell death (Vacca et al., 2004; Zhang and Xing, 2008) . As highly dynamic organelles, mitochondrial morphology is related to their energy and the cellular redox status, and may undergo some changes under many adverse stimuli, which could give some indication of their functional alteration (Bereiter-Hahn and Vöth, 1994; Sakamoto et al., 2005; Yao and Greenberg, 2006) . As described above, ROS production after HS challenge occurred in mitochondria for WT protoplasts and in both mitochondria and chloroplasts for hsfA2 protoplasts (Fig. 4) . With the assistance of MitoTracker Red CMXRos and the autofluorescence of chloroplasts, 3D reconstruction analysis was performed in a single protoplast to monitor whether organelle morphology changes differently between WT and hsfA2 protoplasts in response to HS challenge. In control protoplasts, the 3D reconstructed image produced by the confocal optical slicing technique showed that the majority of mitochondria were evenly distributed around the chloroplasts and appeared as typical elongated rods or spherical structures (Fig. 5A) . At 1 h after the severe HS challenge, the mitochondria in WT, hsfA2, and transgenic line C112-2 protoplasts all showed an aggregated distribution, with several mitochondria arranged into tight clusters, surrounding the chloroplasts, or aggregating in other places within the cytoplasm, and an increase in the areas of individual mitochondria relative to the controls (e.g. mitochondrial swelling; Fig. 5B-D) . Importantly, compared with the WT and transgenic line C112-2 protoplasts, the hsfA2 protoplasts showed more reduction of CMXRos staining, indicating that the mitochondrial function undergoes much more severe damage in hsfA2 than in WT and transgenic line C112-2 protoplasts because MitoTracker Red CMXRos can only stain living and functional mitochondria (Fig. 5B-D) . No obvious changes in chloroplast morphology were found in HS-treated cells at 1 h after the HS challenge relative to the control protoplasts (Fig. 5A-D) . Swelling has been shown to result in a decrease in absorbance of mitochondria at 540 nm (Ryan et al., 1993; Rotem et al., 2005; Zhang and Xing, 2008) . Therefore, to gain further perspectives on the alterations in mitochondrial morphology in WT and hsfA2 protoplasts, the mitochondrial swelling in isolated mitochondria was also determined as a function of time by monitoring the absorbance changes at 540 nm. Mitochondria isolated from HS-challenged protoplasts were used to determine the absorbance changes at 540 nm by using a spectrometer. As can be seen in Fig.  5E , the severe HS challenge led to a more rapid decline in the absorbance at 540 nm in hsfA2 mitochondria than in WT mitochondria, which could be complemented by the WT copy of the HsfA2 gene. The absorbance at 540 nm in hsfA2 mitochondria declined to 40% and 2% of the control levels by 1 h and 4 h after the severe HS, respectively, but in WT and transgenic line C112-2 mitochondria the absorbance at 540 nm was still high even after 4 h (>55% of the control level) (Fig. 5E) , which is consistent with the observations obtained by 3D reconstruction assay (Fig.  5A-D) . In contrast, the control mitochondria showed only a slight decline in absorbance at 540 nm during the whole investigation period (Fig. 5E) .
Photochemical efficiency was also investigated to see whether it changes differently between WT and hsfA2 protoplasts in response to HS challenge, although no obvious differences in chloroplasts morphology occurred for these protoplasts (Fig. 5A-D) . It has previously been demonstrated that chlorophyll DF is a widely used parameter that detects stress events and energy utilization efficiencies not only in phytoplankton but also in higher plants (Č ajánek et al., 1998; Kurzbaum et al., 2007; Zhang and Xing, 2008) . In a recent report, it was demonstrated that the reduction in photochemical efficiency during the onset of MeJa-induced cell death could be clearly reflected by the changes in DF intensity before any obvious change in chloroplast morphology . As shown in Fig. 5F , the decrease in DF intensity was much more rapid in hsfA2 protoplasts than in WT and transgenic line C112-2 protoplasts in response to the severe HS challenge. Only for 45 min after the severe HS challenge could a significant (P < 0.01) decrease in DF intensity be detected in HS-treated hsfA2 protoplasts when compared with the controls, whereas there were no significant changes in DF intensity for HS-treated WT and transgenic line C112-2 protoplasts within the first 1 h of recovery (Fig. 5F) . By 5 h, the DF intensity in HS-treated WT and transgenic line C112-2 protoplasts decreased to ;70% of that of the Fig. 4 . Subcellular localization of ROS production in WT and hsfA2 protoplasts after HS challenge. At the indicated time point after the severe HS challenge, protoplasts were double-stained with H 2 DCFDA and MitoTracker Red CMXRos, and observed by LCSM as described in Materials and methods. WT protoplasts without HS treatment were kept in the dark for 60 min (A). WT protoplasts after the severe HS challenge were kept in the dark for 30 min (B) or 60 min (C). WT protoplasts were pre-incubated with AsA at 5 mM final concentration (D) or with CAT at 100 U ml À1 final concentration (E) for 30 min and challenged by the severe HS, and then kept in the controls, but at the same time the DF intensity in HStreated hsfA2 protoplasts had decreased to zero (Fig. 5F ). These data are suggestive of the absence of HsfA2 resulting in the higher susceptibility of photochemical efficiency to HS challenge, and this could also be complemented by the WT copy of the HsfA2 gene.
The movement of mitochondria was blocked after HS challenge
In addition to mitochondrial morphology, mitochondrial motility is also related to the cellular redox status (BereiterHahn and Vöth, 1994) . ROS production during HS challenge may alter the cellular redox status and thus the mitochondrial dynamics. To confirm this hypothesis, the in vivo marker GFP was used to monitor the mitochondrial behaviour in real time after HS challenge. Protoplasts isolated from transgenic plants possessing mito-targeted GFP (43C5) were observed by LCSM. As shown in Fig. 6A , dramatic movement in the majority of mitochondria could be found in control protoplasts. However, the cessation of streaming of most mitochondria was noted in the protoplasts which were challenged by the severe HS and kept at room temperature for 1 h ( Fig. 6B ; see Supplementary movie 1 at JXB online). Further analysis of the changes in mitochondrial dynamics was also performed by measuring the GFP Fig. 5 . Alterations in the morphology of organelles and the photochemical efficiency in WT, hsfA2, and transgenic line C112-2 protoplasts after HS challenge. 3D reconstructed images were produced from optical sections of WT protoplast without HS challenge (A), as well as of WT protoplasts (B), hsfA2 protoplasts (C), and transgenic line C112-2 protoplasts (D) at 1 h after HS challenge. Red signals indicate MitoTracker Red CMXRos targeted to mitochondria. Blue signals indicate chlorophyll autofluorescence. Mitochondria were isolated from the protoplasts without HS challenge (control) or the protoplasts challenged with HS, and subsequently, at the indicated times, the mitochondrial swelling indicated by the changes in absorbance at 540 nm was determined as described in Materials and methods (E). Protoplasts were left untreated (control) or treated with HS challenge for the indicated time period, and then the DF intensity was determined as described in Materials and methods (F). In the figure, each value is the mean 6SE of five replicates. Pictures represent typical examples. Scale bars¼10 lm.
dark for 60 min. HsfA2 protoplasts after the severe HS challenge were kept in the dark for 30 min (F) or 60 min (G). HsfA2 protoplasts were pre-incubated with AsA at 5 mM final concentration (H) or with CAT at 100 U ml À1 final concentration (I) for 30 min and challenged by the severe HS, and then kept in the dark for 60 min. Pictures represent typical examples. Scale bars¼10 lm.
fluorescence in several selected areas, indicated by ellipses in Fig. 7 . Acute changes in fluorescence emission intensity within the indicated area demonstrated intensive streaming of organelles in untreated protoplasts (Fig. 7A) , whereas relatively fewer changes in GFP fluorescence intensity were observed during the assessment period in the protoplasts which were challenged by the severe HS and kept at 24°C for as little as 1 h before cell death, indicating cessation of streaming of most mitochondria (Fig. 7B ). More details of the mitochondrial movement can be found in Supplementary movie 1 at JXB online. Mitochondrial movement has been shown to be blocked in the early stages of ROS stress, leading to cell death in Arabidopsis (Yao et al., 2004; Gao et al., 2008) ; it was also found that the movement was blocked after HS challenge, suggesting that a change in mitochondrial movement is one of the early indicators of whether cells are affected by ROS stress. Together, the morphology and the movement of mitochondria underwent evident transitions and changes after HS challenge, implying the involvement of organelle dysfunction in the process of cell death caused by HS challenge.
Mitochondria dynamics underwent more severe alterations in the absence of HsfA2
The mitochondrial movements within WT, hsfA2, and transgenic line C112-2 protoplasts after HS challenge were analysed comparatively in real time by staining with the mitochondria-specific marker MitoTracker Red CMXRos.
Experiments were performed in the same way as described in Figs 6 and 7. Protoplasts were challenged by a severe HS and then kept at 24°C for as little as 30 min before obvious cessation of mitochondrial movement occurred in WT protoplasts. It was clear that in hsfA2 protoplasts, the CMXRos fluorescence inside the selected area remained almost constant during the whole assessment period (Fig.  8B) , whereas it changed greatly in WT and transgenic line C112-2 protoplasts (Fig. 8A, C) . This result indicated that while many mitochondria in WT and transgenic line C112-2 protoplasts were still moving, the movements of mitochondria in hsfA2 protoplasts were completely blocked by the severe HS challenge (Fig. 8) . More details of the movement of WT and hsfA2 mitochondria can be found in Supplementary movie 2 at JXB online. The finding that mitochondria in hsfA2 protoplasts underwent much earlier and more severe cessation of streaming (Fig. 8B) , together with the result that hsfA2 protoplasts accumulated many more ROS, implied that the plants were subject to much more oxidative damage caused by HS challenge due to the absence of HsfA2.
HS-induced faster loss of MTP in hsfA2 than in WT protoplasts
As described above, the morphology and movement of mitochondria alter differently between hsfA2 and WT protoplasts in response to HS challenge; the changes of MTP in hsfA2 and WT protoplasts were examined further to see whether the difference also occurs in MTP by using Rh123, a specific fluorescent probe, to monitor active mitochondria. The mitochondria-specific marker MitoTracker Red CMXRos was also used to make localization and measurement more exact because their localization to mitochondria and changes in their fluorescence can be validated against each other. By LCSM, it could be seen that the control protoplast was stained extensively with Rh123, the fluorescence of which co-localized with MitoTracker, thus establishing the specificity of Rh123 for mitochondria (Fig. 9A ). For the hsfA2 protoplasts, only the clusters of mitochondria could be stained with Rh123 and MitoTracker at 1 h after the HS challenge, and no stained mitochondria could be found by 2 h (Fig. 9D, E) . In contrast, the majority of mitochondria in WT protoplasts could still be stained with both probes even after 2 h HS challenge (Fig. 9B, C) . To quantify the HS-induced change of MTP in WT and hsfA2 protoplasts, MTP was further investigated at the population level by using fluorometry. After HS challenge, hsfA2 protoplasts exhibited a much faster loss of MTP than WT protoplasts in a time-dependent manner when compared with the untreated WT cells (control) (Fig. 9F) . In WT protoplasts, the fluorescence intensity of Rh123 over all the cells decreased to ;80% and 50%, respectively, of the control level after 1 h and 2 h of recovery following the HS challenge (Fig.  9F) . In contrast, the fluorescence intensity of Rh123 over all the hsfA2 protoplasts had reduced to 50% of the control level after 1 h of recovery following HS challenge, and then continued to decrease until it almost completely disappeared within the first 2 h of recovery (Fig. 9F) . Before the HS challenge, pre-treatment with an inhibitor of the mitochondrial permeability transition pore, CsA, could retard the MTP decrease in the WT and hsfA2 protoplasts to a different extent (Fig. 9F) . Regardless of the presence or absence of CsA, the faster decline in MTP indicated by Rh123 fluorescence in hsfA2 protoplasts than in WT protoplasts, which could also be complemented by the introduction of a WT copy of the HsfA2 gene (data not shown), implied that HsfA2 might play an important role in protecting the mitochondria against MTP loss caused by HS challenge.
Discussion
The results presented here represent, to the best of our knowledge, the first subcelluar evidence for the function of HsfA2 in alleviating the oxidative damage and in inhibiting cell death caused by HS treatment in living Arabidopsis protoplasts. This conclusion was backed up by the following results: (i) HS treatment caused a more rapid decline in the cell viability in hsfA2 than in WT protoplasts; (ii) HS treatment produced much more ROS in hsfA2 than in WT protoplasts; (iii) subcellular localization revealed that ROS accumulated in both mitochondria and chloroplasts for hsfA2 protoplasts but only in mitochondria for WT protoplasts; (iv) AsA or CAT could effectively inhibit ROS production and prevent cell death in WT protoplasts, whereas they produced only partial inhibition of ROS generation and cell death in hsfA2 protoplasts; (v) mitochondrial dynamics underwent a more severe alteration in the absence of HsfA2, including mitochondrial movement and morphology; (vi) HS treatment induced a faster loss of MTP in hsfA2 than in WT protoplasts; and (vii) more ROS production, more severe alterations in mitochondrial dynamics, and lower cell viability in hsfA2 than in WT protoplasts could be complemented by transforming a WT copy of HsfA2 genomic DNA into the knockout mutant.
HS challenge caused a more rapid decline in the cell viability in hsfA2 than in WT protoplasts HS challenge has been demonstrated to cause PCD in suspension-cultured cells of tobacco BY-2 and to kill Images were taken at 10 s intervals for a time series of 500 s. Note that MitoTraker fluorescence emission within the indicated areas dramatically varied in WT and transgenic line C112-2 protoplasts, but remained constant in hsfA2 protoplasts over 500 s. Scale bars¼5 lm.
Supplementary movie 2 at JXB online reproduces images of Fig. 8A , B. The speed is 100-fold faster than the actual speed. The changes in the MTP of hsfA2 protoplasts at 1 h and 2 h after HS challenge. Protoplasts with or without HS treatment were subjected to 2 lg ml À1 Rh123 for 10 min in the dark, and then the Rh123 fluorescence was quantified as described in Materials and methods. In the figure, each value is the mean 6SE of five replicates. Scale bars¼10 lm.
Arabidopsis seedlings (Vacca et al., 2004; Charng et al., 2007) . Analysis of phenotypic characteristics and determination of ion leakage have demonstrated that overexpression or knockout of HsfA2 can increase or decrease the survival of the seedlings and the ability of the seedlings to tolerate HS challenge (Li et al., 2005; Charng et al., 2007) . In the present study, it was found that a CT, which has been demonstrated to be able to induce the expression of HsfA2 (Charng et al., 2007) , 2 h before a severe HS could protect both WT and hsfA2 protoplasts against cell death caused by the severe HS challenge (Fig. 1A-D, F) . However, hsfA2 protoplasts exhibited a more rapid loss of cell viability than WT and transgenic line C112-2 protoplasts when the severe HS challenge was applied after a 2 d recovery at 24°C following the CT (Fig. 1A-D, F ; see Supplementary Fig. S1 at JXB online). These results demonstrated that HsfA2 is required for inhibition of cell death after a long but not a short recovery following a CT, which is consistent with the finding of Charng et al. (2007) who demonstrated that HsfA2 is necessary for a longer duration instead of initial induction of thermotolerance of seedlings. The higher sensitivity of the HsfA2 knockout mutant than the WT plant to HS after a long but not a short recovery following a CT was associated with a homozygous line containing both disrupted HsfA2 alleles. It has been confirmed that the observed phenotype in hsfA2 seedlings was caused by disruption of HsfA2, but not disruption of other genes by T-DNA or by a secondary mutation in the genome of the mutant line (Charng et al., 2007) . The transformation of a WT copy of HsfA2 genomic DNA covering a 387 bp potential promoter into the knockout mutant rescued the mutant phenotype of hsfA2 and restored the heat-inducible expression of HsfA2 in independent transgenic lines of the T 2 generation (Charng et al., 2007) . Both survival and resistance tests indicated that a single T-DNA insertion event occurred in the mutant, and no other mutations existed in the line used (Charng et al., 2007) . Moreover, a complementation test in the present case using the transgenic line C112-2 showed that more ROS production, more severe alterations in mitochondrial dynamics, and lower cell viability in hsfA2 than in WT protoplasts could be complemented by introducing the WT copy of the HsfA2 gene (Figs 2, 5, 8 ; see Supplementary Figs S1, S2 at JXB online). Thus, it isbelieved that the phenomena observed in the present study with the line were also due to the specific knockout of HsfA2.
A severe HS challenge resulted in the progression of cell death in Arabidopsis protoplasts (Fig. 1) . As pre-treatment at 37°C for 1 h (e.g. CT) suppressed this process (Fig. 1) , one may suggest that mild HS-induced synthesis of other HS proteins or HsfA2 itself protects Arabidopsis protoplasts against cell death. It is well known that mild HS inhibits the execution of PCD in animal cells induced by diverse apoptotic stimuli (Bettaieb and Averill-Bates, 2005) . While the anti-apoptotic role of HS proteins or Hsfs in animals is well defined (Didelot et al., 2006) , to date there is little detailed information about a similar role for HS proteins or Hsfs in plants (Rikhvanov et al., 2006) . Therefore, the possible participation of HsfA2 in inhibition of cell death in Arabidopsis protoplasts is an important aspect of the current investigation.
HsfA2 protoplasts accumulated more ROS than WT protoplasts in response to HS challenge
In plants, the production of H 2 O 2 and other ROS is a common feature of cell death in responses to many stress factors such as high temperature, UVC overexposure, and pathogen attack (Apel and Hirt, 2004; Vacca et al., 2004 Vacca et al., , 2006 Amirsadeghi et al., 2006; Gao et al., 2008) . For example, upon exposure to high temperature and UVC stresses, tobacco BY-2 cultures and Arabidopsis protoplasts can produce a large amount of H 2 O 2 , which in turn cause oxidative stress and thus lead to cell death (Vacca et al., 2004; Gao et al., 2008) . In the present case, the severe HS challenge following a 2 d recovery from the CT could induce ROS production in protoplasts (Fig. 2) . However, the level of ROS was significantly higher in hsfA2 protoplasts than in WT and transgenic line C112-2 protoplasts at each time point (P < 0.01; Fig. 2 ), which is in good agreement with the result of a previous report showing that, at seedling level, the H 2 O 2 level was higher in the HsfA2 knockout mutant than in the WT plants after HS treatment (Li et al., 2005) . Moreover, accumulated ROS in hsfA2 protoplasts did not return to the baseline level during the whole assessment period when compared with WT and transgenic line C112-2 protoplasts (Fig. 2B) .
In an attempt to identify the subcellular site of ROS production, it was found that, for WT and transgenic line C112-2 protoplasts, accumulated ROS were almost all in mitochondria and to some extent in the cytosol even after 1 h of recovery following the severe HS challenge (Fig. 4B , C; see Supplementary Fig. S2 at JXB online), whereas for hsfA2 protoplasts accumulated ROS first occurred in mitochondria and cytosol at 30 min after the severe HS challenge, and subsequently a large amount of ROS were localized not only in mitochondria but also in chloroplasts (Fig. 4F, G) . Considering that the HS challenge and subsequent recovery were both administered in the dark, we thus speculated that mitochondria might be the major source of ROS production for both WT and hsfA2 protoplasts, chloroplasts were not responsible for ROS overproduction, and there might be a possibility that ROS generated in mitochondria was diffused to chloroplasts via the cytosol due to the absence of HsfA2 during the recovery process.
Why could accumulated ROS return to the baseline level in WT and transgenic line C112-2 protoplasts but not in hsfA2 protoplasts (Fig. 2B) ? Why could H 2 O 2 generated from mitochondria diffuse to chloroplasts via the cytosol in hsfA2 protoplasts but not in WT and transgenic line C112-2 protoplasts (Fig. 4) ? These questions could be explained by considering the nature of H 2 O 2 and the function of HsfA2. On the one hand, H 2 O 2 is a long living signal molecule and not strictly compartmentalized, being able to diffuse freely through membranes (Willekens et al., 1997; Kramarenko et al., 2006) . Moreover, plant mitochondria are generally localized around chloroplasts due to the close metabolite interchange and the specific functional link between the two organelles (Logan and Leaver, 2000; Yao and Greenberg, 2006) . Thus, it is likely that mitochondria-derived H 2 O 2 can cross the mitochondrial membranes into the cytosol, and then enter into the adjacent chloroplasts. Precise analysis of the subcellular ultrastructure using transmission electron microscopy has demonstrated that a strong H 2 O 2 production was found not only along the mitochondrial outer membranes but also along the adjacent chloroplast outer membranes in the Arabidopsis ACCELERATED CELL DEATH2 mutant leaf tissue undergoing spontaneous cell death, implying the possibility that H 2 O 2 diffuses between the two organelles (Yao and Greenberg, 2006) .
On the other hand, HsfA2 is a key regulator of many stress responses, and can induce the expression of a series of antioxidant genes (Panchuk et al., 2002; Li et al., 2005; Schramm et al., 2006; Charng et al., 2007) . Studies on transgenic Arabidopsis overexpressing AtHsfA1b have suggested that Hsfs are involved in the induction of APX encoding ascorbate peroxidase (APX), which is the major H 2 O 2 -scavenging enzyme and localized in cytosol as well as in chloroplasts (Panchuk et al., 2002) . In the studies of Schramm et al. (2006) , the heat induction of APX2 is totally abolished by disruption of HsfA2. Moreover, the H 2 O 2 level in whole plants has been shown to be higher in the hsfA2 mutant than in the WT after HS treatment, and the mutant is more sensitive to oxidative stress (Li et al., 2005) . These results demonstrate that HsfA2 tightly regulates the expression of the APX gene family, which may be majorly responsible for removing intercellular H 2 O 2 and preventing ROS overproduction. Therefore, in WT protoplasts, the accumulated ROS might be rapidly removed, and the diffusion of ROS from mitochondria to chloroplasts via the cytosol might be effectively arrested by the high expression of related antioxidant enzyme such as APX in the presence of HsfA2. As a result, ROS in WT protoplasts were mainly restricted to mitochondria in response to HS challenge, and they could return to the baseline level after a period of recovery ( Figs 2B, 4) . However, due to the lack of HsfA2, the ability of hsfA2 protoplasts to scavenge ROS might be dramatically reduced, and thus the ROS level is uncontrolled in hsfA2 protoplasts, diffusing to chloroplasts without returning to the baseline level ( Figs 2B, 4) . Preventing the diffusion of ROS from mitochondria to chloroplasts might be a possible mechanism by which HsfA2 regulates cellular redox equilibrium and avoids more severe oxidative stress and more cell death. This speculation could be supported by the results presented in previous reports showing that cAPX is required for protecting the chloroplast against diffusion of H 2 O 2 from the mitochondria, cytosol, or peroxisome (Davletova et al., 2005) . It should also be noted that ROS accumulated in the chloroplasts of the HsfA2 line might be due to the suppression of the chloroplast-targeted HS proteins that prevent ROS formation since HsfA2 is a transcription factor that regulates many HS protein genes. At present, there are plans to construct APX-overexpressing lines to elucidate the underlying mechanism in-depth.
Consequently, the higher level of ROS inevitably led subsequently to much more cell death in hsfA2 protoplasts than in WT protoplasts (Fig. 1) . The conclusion regarding the role of HsfA2 in alleviating ROS accumulation to avoid oxidative damage and to inhibit cell death was further strengthened and confirmed by the results of the assays of ROS scavenging and cell viability recovery. For the WT protoplasts, the ROS level was decreased to the baseline level, and cell death was mostly rescued in the presence of AsA or CAT (Fig. 3) . In contrast, the residual ROS level was still high, and cell death could be only partially rescued by the pre-treatment with AsA or CAT in the hsfA2 protoplasts (Fig. 3) . Considering the eliminative effects of AsA or CAT on ROS burst as well as the inhibitory effects on subsequent cell death, it is concluded that HS-induced cell death can be attributed to the oxidative stress, and the disruption of HsfA2 by T-DNA insertion makes oxidative damage and cell death much more severe. It should be pointed out that due to its large molecular weight exogenously applied CAT cannot cross cell membranes and is active only against extracellular ROS (Courtois et al., 1998) . At present, the mechanism by which exogenously applied CAT can act as an effective scavenger of intracellular ROS is unknown. It is likely that generated long-living ROS such as H 2 O 2 can leave the site of ROS production and enter the extracellular space and are subsequently scavenged by extracellular CAT, thus preventing the large build-up of ROS required to drive organelle dysfunction and cell death. In fact, it has been reported that external CAT can affect intracellular ROS levels in tobacco suspension-cultured BY-2 cells and tobacco epidermal cells (Allan and Fluhr, 1997; Ashtamker et al., 2007) .
More severe alterations in mitochondrial dynamics in the absence of HsfA2 under HS challenge Recently, several excellent studies have proved that the alterations of mitochondrial morphology and motility are the early indicators of cell death and are the necessary components of the progression of cell death (Logan, 2003; Yao et al., 2004; Yao and Greenberg, 2006; Gao et al., 2008; Scott and Logan, 2008) . Many death stimuli, including biotoxins, plant hormone MeJa, cell death protein substrate analogues, ROS, senescence-induced PCD, and heat treatment (Andi et al., 2001; Vacca et al., 2004 Vacca et al., , 2006 Yao et al., 2004; Yao and Greenberg, 2006; Zottini et al., 2006; Gao et al., 2008; Scott and Logan, 2008; Zhang and Xing, 2008) are sensed either directly or indirectly by mitochondria and can alter mitochondrial polymorphism and motility at an early stage of subsequent cell death. As the major site of ROS production, mitochondria are the rather sensitive target for oxidative stress (Bartoli et al., 2004) . Dramatically accumulated ROS from complex I and III of the mitochondrial electron transport chain could in turn lead to oxidative damage to the components and functions of mitochondria, such as mitochondrial proteins, lipids, and DNA, by the mitochondrial dysfunction and the alterations of mitochondrial dynamics which ensue (Millar and Day, 1997; Møller, 2001; Apel and Hirt, 2004; Gao et al., 2008) .
Due to the absence of HsfA2, the overproduction of ROS might lead to much more severe alterations of mitochondrial dynamics and functions in hsfA2 than in WT protoplasts. This conclusion was confirmed by the confocal microscopy observations at the single-cell level in vivo and the quantitative determination at the population level. First, hsfA2 protoplasts exhibit a more rapid swelling and aggregation of mitochondria than WT and transgenic line C112-2 protoplasts after the HS challenge (Fig. 5) . This result is in good agreement with the finding of Gao et al. (2008) , who observed that the mitochondria in UVC-treated protoplasts formed extensive clumps. Secondly, the results of the experiments using MitoTracker Red CMXRos staining demonstrated that as soon as 30 min before the cessation of mitochondrial movement occurred in WT and transgenic line C112-2 protoplasts, the movements of mitochondria in hsfA2 protoplasts had apparently been blocked by the severe HS challenge (Figs 6-8; see Supplementary movies 1, 2 at JXB online). This cessation of mitochondrial movement might be directly attributed to the imbalance in the redox status of this organelle caused by the severe HS challenge because mitochondrial polymorphism and motility have been shown to be associated with the energy and the redox status of the organelle (Bereiter-Hahn and Vö th, 1994; Gestel et al., 2002; Logan, 2006) . Nevertheless, it might indirectly result from the alterations in actins and the cytoskeleton that are susceptible to oxidative stress, because mitochondrial polymorphism and motility are predominantly dependent on actins and the cytoskeleton (Catlett and Weisman, 2000; Logan, 2003; Haarer and Amberg, 2004) . Moreover, as a transcription factor, HsfA2 regulates a number of HS protein genes, which play a central role as molecular chaperones not only for protection against stress damage but also for folding, intracellular distribution, and degradation of many proteins (Morimoto, 2002; Schramm et al., 2006) . The disruption of HsfA2 might lead to suppression of relevant HS protein genes that are tightly related to the correct folding of cytoskeleton-related proteins, and thus the blocking of mitochondrial movement is more severe in hsfA2 in response to HS challenge. Of course, such proposals are rather speculative and require detailed experimental confirmation.
It is worth noting that although chloroplast morphology did not alter as dramatically as that of mitochondria in response to HS, a faster decline in photochemical efficiency in hsfA2 than in WT and transgenic line C112-2 protoplasts occurred upstream of the alterations in chloroplasts structure and cell death ( Figs 1G, 5A-D, F) , which is consistent with the observations obtained in MeJa-induced cell death . These results allow confidence in the finding that the dysfunction of the photosynthetic apparatus is an early and plant-specific indicator of HSinduced cell death.
These much earlier and more severe alterations of mitochondrial dynamics and photochemical efficiency in the hsfA2 protoplasts suggested that HsfA2 could play a vital role in preventing the dysfunction of mitochondria and chloroplasts, and thus it could increase the ability of plants to tolerate oxidative stress caused by the severe HS challenge. This conclusion was further strengthened and confirmed by the findings concerning the difference in the characteristics of MTP in response to HS challenge between hsfA2 and WT protoplasts. In plants, MTP loss has been reported to be a common early marker of plant response to various stimuli (Vacca et al., 2004; Yao et al., 2004; Gao et al., 2008; Scott and Logan, 2008) . For instance, upon exposure to UVC, heat stress, or chemicals, the MTP loss of Arabidopsis protoplasts takes place rapidly by the ensuing ROS production (Vacca et al., 2004; Gao et al., 2008; Scott and Logan, 2008) . In addition, during stress-induced senescence or PCD of plant reproductive organs, cells also undergo changes in MTP before ultrastructural changes occur (Hauser et al., 2006) . In the present experiments, a time-dependent decline in MTP could be found in both the WT and hsfA2 protoplasts treated with severe HS (Fig.  9) . Furthermore, it was obvious that the disruption of MTP occurred faster in hsfA2 protoplasts than in WT protoplasts regardless of the presence or absence of CsA (Fig. 9) . After 2 h of recovery following HS treatment, MTP had almost decreased to zero in hsfA2 protoplasts. However, at the same time, 50% of mitochondria still retained the integrity of the inner membrane in WT protoplasts (Fig. 9) . These results obtained at individual and population levels represent the first findings that HsfA2 can protect mitochondria against MTP loss after severe HS.
In this study, it is demonstrated that in the absence of HsfA2, ROS derived from mitochondria are uncontrolled, and plant protoplasts undergo more severe mitochondrial dysfunction and much more cell death upon HS challenge, providing new evidence for the participation of HsfA2 in alleviation of oxidative stress and inhibition of cell death caused by HS. These results not only represent the first subcellular findings regarding the biological function of HsfA2, but also preliminarily reveal a possible mechanism by which plants use HsfA2 to regulate redox balance and to avoid more severe oxidative stress and prevent cell death, at least in Arabidopsis, but probably also in other higher plants. At present, in the absence of HsfA2, the delicate mechanism of ROS diffusing from mitochondria to chloroplasts during HS treatment remains obscure and needs further study.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . The transgenic line C112-2 protoplasts at 16 h after the severe HS challenge following a 2 d recovery from the CT were tested by FDA assay as described in Materials and methods (A), and their viability at 4 and 16 h after treatment with the HS regime shown in the above was calculated (B). In the figure, each value is the mean 6SE of five replicates. Pictures represent a typical example. Scale bars¼100 lm. Fig. S2 . At 30 min (A) and 60 min (B) after the severe HS challenge following a 2 d recovery from the CT, the transgenic line C112-2 protoplasts were double-stained with H 2 DCFDA and MitoTracker Red CMXRos, and observed by LCSM as described in Materials and methods. Pictures represent a typical example. Scale bars ¼ 10 lm.
Supplementary movie 1. At 1 h after the severe HS challenge, mitochondrial movement was blocked in protoplasts expressing mito-GFP.
Supplementary movie 2. At 30 min after the severe HS challenge, mitochondrial movement showed more severe cessation in hsfA2 than in WT protoplasts.
